In this Perspective we report our way of thinking about single molecular conductance in terms of frontier orbitals. The orbital rule derived from orbital phase and amplitude is a powerful guideline for the qualitative understanding of molecular conductance in both theoretical and experimental studies. The essence of the orbital rule is the phase-related quantum interference, and on the basis of this rule a constructive or destructive pathway for electron transport is easily predicted. We have worked for the construction of the orbital rule for more than ten years and recently found from its application that π-stacked molecular junctions fabricated experimentally are in line with the concept for conductance-decay free junctions. We explain the orbital rule using the benzene molecular junctions with the para-, meta-and ortho-connections and discuss linear π-conjugated chains and π-stacked molecular junctions with respect to their small decay factors in this manuscript.
Introduction
Since the theoretical proposal of single molecular device by Aviram and Ratner, 1 the electron transport in metal-molecule-metal junctions (i.e., single molecular junctions) has attracted much attention for possible applications of molecular wire, memory and diode in mind. [2] [3] [4] [5] Although single molecular device is still a "future nano device" of dream, experimental measurements with scanning probes and theoretical calculations have deepened our understanding of basic electron transport properties through single molecules between electrodes. The Landauer formula 6 with the nonequilibrium Green's function (NEGF) techniques 7 is of great use for theoretical consideration of electron transport phenomena in metal-molecule-metal junctions. Several important mechanisms that determine fundamental aspects of the conductance of a single molecular junction have been discussed as a function of molecular length, molecular conformation and applied bias voltage. [8] [9] [10] [11] [12] [13] [14] [15] [16] The conduction channel analysis in terms of molecular orbital (MO) delocalization near the Fermi energy of electrodes has shown good guidelines to understand the electronic properties of molecules between electrodes. The NEGF method 7, [17] [18] [19] combined with density functional theory (DFT) 20, 21 is a popular method at present for calculating coherent electron transmission probability. [22] [23] [24] Molecular orbital analysis based on NEGF-DFT calculations revealed that the delocalization of specific MOs is important to make a good conduction pathway, 17, [25] [26] [27] related to orbital delocalization. Thus, there is a tradeoff relation between high conductance from orbital delocalization and exponential decay also from orbital delocalization.
A simple electronic structure model is of great use to develop our intuitive understanding in comparison with a quantitative one, in general. Thus, we have carefully investigated a relationship between frontier orbitals and electron transport properties of π-conjugated systems, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] where frontier orbitals mean the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The derived rule describes the importance of the phase and amplitude of HOMO and LUMO to determine essential features of the electron transport in molecules. The orbital rule was derived by means of Green's function for the molecular part of a metal-molecule-metal junction assuming a weak contact between a molecule and gold chains (i.e., electrodes). By looking at the phase and amplitude of HOMO and LUMO, we are able to predict good connections for coherent electron transport in molecular systems. The validity of our orbital rule was experimentally confirmed by conductance measurements of some naphthalene dithiol derivatives with nanofabricated mechanically controllable break junctions. 41 The orbital rule for electron transport can be viewed as an orbital-interference effect in electron transport because the essence of the rule is the quantum interference between HOMO and LUMO. From 1988 to the early 2000s, the quantum interference effect in molecular junctions was investigated mainly in the concept of path-interference effect by using ring-shaped molecules while the quantum interference was confirmed also in nonring-shaped molecules in which electron pathways cannot be identified. We found the simple concept of the HOMO-LUMO interference when analyzing the quantum transport
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Physical Chemistry Chemical Physics Accepted Manuscript through nanographite molecules. [30] [31] [32] The orbital rule has been revisited as a quantum interference effect on single molecular conductance. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] Since the quantum interference effect leads to a significant difference in current (i.e., the constructive/destructive interference) through a molecular junction, the presence of the quantum interference effect was firstly elucidated from the viewpoint of current magnitude. 41, [58] [59] [60] [61] In addition to the indirect observation of the quantum interference effect, a direct observation based on differential conductance was recently performed. 62 Figure 1 clearly exhibits a recent hot situation on the research of the quantum interference effects in molecular junctions. The purpose of this perspective is to explain our way of understanding electron 
Orbital rule of molecular conductance
We have developed an orbital rule for electron transport properties of single molecules from the analysis of Green's function with the simple Hückel method in terms of the orbital concept. [30] [31] [32] [33] The orbital rule provides a powerful tool to predict good connection routes through a single molecule. The necessary preconditions for the application of the orbital rule can be summarized as follows: (a) the coupling between a molecule and electrodes is weak, (b) there is electron-hole symmetry or pairing theorem 65 in orbital energies and MO expansion coefficients and (c) the Fermi level is located in the midgap of HOMO and LUMO.
These assumptions are reasonable in metal-molecule-metal junctions that consist of dithiol derivatives of π-conjugated systems sandwiched between gold electrodes. According to Landauer's model, the conductance of a metal-molecule-metal junction in the limit of zero temperature and zero bias voltage is written as follows: 
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where e is the magnitude of the charge on electron, h is the Planck constant, T is the transmission probability of electron and E F is the Fermi energy of electrodes. We can calculate the transmission probability for a metal-molecule-metal junction using the retarded/advanced Green's function G R/A of a molecule and the local density of states ρ of metal electrodes as follows: 7, 66 ( )
where indices r and s are the sites connected with metal electrodes, and t c is the resonance 
In a weak coupling condition between the molecule and electrodes, the normalization factor D in eqn. (3) 
where C rk is the kth MO coefficient at site r, the asterisk on the MO coefficient indicates complex conjugate, ε k is the kth MO energy and η is an infinitesimal number determined by a relationship between the local density of states and the imaginary part of Green's function. 30, 31 Eqn. (4) 
Electron transport in benzene molecular junctions
Having described essential features of the orbital rule, let us next explain the electron transport properties of the benzene molecule connected in different ways with two one-dimensional electrodes as an example. We adopted the gold-benzene-gold junctions shown in Fig. 2 to look at the orbital rule because the ring-shaped molecule was firstly introduced by Sautet and Joachim, 71 in which the electron transmission through benzene was discussed in terms of quantum interference effects while the electron transmission at the Fermi level (i.e., conductance) was not discussed. (5)). Since the frontier π-orbitals of benzene are degenerated as shown in Fig. 2 , the zeroth Green's function in terms only of frontier orbitals has to be slightly changed from G (0:
HOMO, LUMO) in eqn. (5) to the following expression as;
where HOMO1 and HOMO2 are degenerated and LUMO1 and LUMO2 are also degenerated.
In general, the expression based on the four frontier orbitals requires a little more careful analysis to derive the orbital rules for electron transport. However, as described in the next section, the zeroth Green's function based only on "two" frontier orbitals is enough to understand the electron transport in the benzene molecular junctions with one-dimensional electrodes.
In the benzene molecular junctions, three configurations, ortho-, meta-and para-junctions shown in Fig Let us next consider the meta-junction, in which the connections are allowed for carbons 2 and 6 (or 3 and 5) because of the symmetry restriction (i.e., mirror symmetry) in the meta-junction structure. If we use other combinations (e.g., carbons 1 and 3), the rotational and mirror symmetries in the meta-junction structure are broken in the MO representation.
Thus, in contrast to the para-junction, the connecting carbon atoms have non-zero orbital amplitudes in the four frontier orbitals, which requires the four-orbital based zeroth Green's (LUMO2) are larger than those in HOMO1 (LUMO1) (see Fig. 2(a) ), and thus the important two frontier orbitals in the meta-junction are HOMO2 and LUMO2. The sign of C 2 HOMO2 C 6 HOMO2 is negative, and that of C 2 LUMO2 C 6 LUMO2 is also negative. Thus, this is the destructive interference between the frontier orbitals in the meta-junction. Consequently, the zero transmission at the Fermi energy appears in the meta-junction. On the other hand, when we focus our attention to the energy range from 2t to t (-t to -2t), the important two orbitals are HOMO2 and the lowest π-orbital at 2t (LUMO2 and the highest π-orbital at -2t), and we can easily confirm a constructive relationship in the meta-junction, corresponding to the non-zero transmission in the energy range from 2t to t (-t to -2t).
In the ortho-junction, carbons 2 and 3 (or 5 and 6) are possible atoms for the connections from the symmetry conditions in the ortho-junction structure, and HOMO2 and LUMO2 are again the important frontier orbitals. The sign of C 2 HOMO2 C 3 HOMO2 is positive and that of C 2 LUMO2 C 3 LUMO2 is negative, indicating a constructive interference and thereby the non-zero transmission appears at the Fermi energy in the ortho-junction. The destructive interference at the energy range from 2t to t (-t to -2t) is also successfully explained from HOMO2 and the lowest π-orbital at 2t (LUMO2 and the highest π-orbital at -2t). In this way, the orbital rule for electron transport is quite robust for an easy prediction of transport properties in π-conjugated molecular junctions. Examples for other molecular junctions in which the orbital rule is applied to understand the transport properties are found in our previous studies. When we focus on long molecular units for electron transport, the wire length dependence on conductance is an important property to be investigated. (Fig. 5(a) ). In the AO-shifted chain, the interaction between the left-/right-side edge and middle units becomes smaller than that in the original chain, leading to the suppression of orbital delocalization between the edge and middle units, and thereby the orbitals at the edge unit are more localized than that in the original chain.
Once the orbital is localized at the edges, large orbital amplitudes at the edge units will be kept even in longer chains because of small interactions between the edge and middle units. (Fig. 5(d) ) because the orbital amplitudes of the localized orbitals at the edges are larger and less sensitive to the molecular length than that in the original chain (See Table II ). In particular, the contribution to the conductance from HOMO (i.e., (C HOMO ) 2 / ε HOMO ) is surprisingly increased with an increase in the chain length of AO-shifted chains, which is not observed in the original carbon chains. The quantities (C i ) 2 /ε i except for the edge-localized frontier orbitals are naturally decreased with an increase in chain length (Table I) . Consequently, the prominent contributions from the edge-localized frontier orbitals on conductance result in a smaller decay factor of conductance than that of the original chain.
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Along this concept, if only the edge-localized frontier orbitals contribute to conductance, we can expect an eccentric molecular junction that shows a conductance "increase" with an increase in chain length. In fact, such a conductance increase (i.e., the reverse exponential law of conductance decay) 32 was already proposed in nano graphite molecular series with zigzag edges for contact points. Since the zigzag edge state tends to appear in the vicinity of the Fermi energy, the contributions from the edge localized frontier orbitals (i.e., zigzag edge states in the nano graphite) are totally emphasized, leading to the conductance increase with an increase in wire length. These design concepts for small decay factors and reverse exponential law of conductance decay are obtained on the basis of qualitative orbital thinking.
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Physical Chemistry Chemical Physics Accepted Manuscript molecular orbitals that are expanded over molecular unit. 75 That is, the key concept for the molecular junction with a small decay factor is designing the edge and middle units so as to make frontier orbitals moderately localized at the edge units without the "perfect" break down of orbital delocalization between the edge and middle units.
Although the concept for the conductance-decay free junctions is clearly identified, such a molecular junction, especially for the nano graphite with zigzag-edge showing the conductance increase, has not been realized in experimental studies because of the difficulty in the precise control of zigzag structure due to the energetical destabilization and the contact with electrodes at the zigzag edges. However, we can find good examples in recent experimental studies on π-stacked molecular junctions, in which the electron transport property is in line with the concept for the conductance-decay free junction.
76-78
Electron transport in π π π π-stacked junctions and small decay factors of conductance
To sandwich a fixed number of π-stacked molecules (molecule 4 in Fig. 6(a)) between electrodes, cage-shaped super molecules that have a fixed nano space in its inside (molecules 1, 2 and 3 in Fig. 6(a) ) are adopted to construct π-stacked molecular junctions.
The cage-shaped super molecules are composed of two π-conjugated molecular panels (molecule 6 in Fig. 6(a) ), three pillars of molecule (molecule 7a/7b/7c in Fig. 6(a) ) and Pd-complexes (molecule 5 in Fig. 6(a) ) at the corners of the super molecules. A recent experimental study based on the STM break junction method reveals that electron tunneling is observed when π-conjugated molecules (molecule 4) is included in the cages (i.e., 1•(4) 2 , 2•(4) 3 and 3•(4) 4 in Fig. 6(a) ), whereas no tunneling in the empty cages (i.e., 1, 2 and 3 in Fig.   6(a) ). 76 Therefore the π-stacked molecular junction can be realized in the configuration shown Fig. 6(b) , and thereby the computational models for the π-stacked junctions are constructed in order to include important building blocks for the π-stacked junction (i.e., two π-conjugated molecular panels (6), π-molecules (4) and electrodes, which are directly connected to the π-conjugated molecular panels in both sides (Fig. 6(c) ). (i.e., experimental) conditions. Therefore advanced approaches based on configuration interaction, 79, 80 self-interaction correction 81, 82 and GW approximation 83, 84 are recently proposed for quantitative conductance calculations although the computational costs in these approaches are huge. To overcome those difficulties in the quantitative conductance calculations, we developed an NEGF method based on hybrid-DFT in cluster approach 85, 86 ( Fig. 7(a) ). The hybrid-DFT improves the problems of underestimation of gaps in DFT, and cluster approach enables us to carry out simple calculations of conductance like electronic structure calculations for molecules. Since details of the approach are written in our original study, 85 we simply explain the essence of the approach as follows.
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1) The cluster model for a molecular junction is composed of a left metal cluster, a sandwiched molecule and a right metal cluster.
Page 22 of 41 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript
2) The sandwiched molecule and some metal atoms in both clusters are defined as an extended molecule.
3) Metal cluster atoms except for the metal atoms included in the extended molecule are recognized as electrode clusters, and the density of states of the metal clusters are broadened to obtain Green's functions of metal clusters (i.e., metal electrodes). 4) Broadening parameters for the metal clusters are chosen so as to show a reasonable conductance in a reference system (e.g., 2e
2 /h in a one-dimensional gold chain).
5) The size of metal cluster is determined to hold the condition that the calculated conductance is almost insensitive to the cluster size. 
Now that we explained the computational framework in the cluster approach, we introduce some examples of benzene-dithiol (BDT) [87] [88] [89] and benzene-diamine (BDA) 90, 91 molecular junctions as benchmark systems. The cluster models of Au 34 -BDT-Au 34 and Au 35 -BDA-Au 35 shown in Fig. 7(b) were used for conductance calculations; the extended molecules for both systems are respectively Au 9 -BDT-Au 9 and Au 10 -BDA-Au 10 . As for the adsorption site of molecules on metal, the most probable adsorption sites (i.e., the hollow site for BDT and on-top site for BDA) were adopted. In the present calculations with the cluster approach, the B3LYP 92,93 /Lanl2DZ 94-96 level of hybrid DFT was adopted for conductance calculations. Table III lists ( Table III here)
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We adopted the NEGF-hybrid DFT method in the conductance calculations also for the π-stacked molecular junctions. Since the π-panel molecule is directly linked with electrode as π-bonding, we used direct π-contact in the junctions as shown in Fig. 7(a) . The metal cluster size for both sides is the same in the BDT junction, Au 34 for each metal cluster.
According to the experimental studies on π-stacked junctions, 76 To elucidate the origin of the small decay factor in the π-stacked junctions, we focus our attention to the broad peaks of the transmission at 0.5 eV below the Fermi energy, which is indicated with an arrow in Fig. 8(a) . The transmission values at the Fermi energy has a significant contribution from the broad transmission peaks. totally delocalized over the π-stacking of 6(4) 2 6, and that the orbital amplitudes are relatively concentrated on the edge π-panels 6. The former is necessary for the electron conduction through the junction, and the latter is required for a small decay factor of electron tunneling, that is, the edge localization. Thus, the conditions for the small decay of conductance is realized in the 6(4) n 6 π-stacked junctions.
Although the small decay of conductance is obtained in the 6(4) n 6 π-stacked junctions, there still be a chance for further enhancement of the conductance value itself.
Therefore in order to increase the transmission values, we expect that there is another π-conjugated molecule replacing molecule 4 in 6(4) n 6 stack to enhance the conductance value.
The alternative π-conjugated molecule newly introduced in the cage instead of molecule 4 is shown in Fig. 9 , together with the model junctions of Au 34 -6(8) n 6-Au 34 . The π-conjugated molecule 8 includes Au atoms as Au(I) ion, 77 and we thus expect the transport channel inside the π-stacking becomes more conductive. A calculated transmission function of 6(8) 2 6 is shown in Fig. 10(a) , and the enhancement of conductance by about one order from 6(4) 2 6 is successfully achieved as expected. Figure 10(b) shows the conductance dependence on the stacking length of 6(8) n 6, where the decay factor is still quite small. The decay factor in 6(8) n 6 is about two times smaller than that of 6(4) n 6, and almost identical to the experimentally determined value of 0.05. 77 Therefore the design concept for small decay factor with high transmission is validated by exchanging the middle units. In addition, we recognized that the π-stacked junctions have a significant advantage that the electronic functionality of molecular junctions can be tuned by exchanging the π-conjugated molecules integrated in the cage molecule. Thus, the high tunability of the π-stacked junctions will enables us to fabricate an eccentric π-stacked junction that shows a conductance increase with an increase in stacking length or free from the exponential conductance decrease. In fact, a series of π-stacked junctions successfully shows rectifier responses by selecting appropriate donor and accepter π-stacked molecules in the cage. 78 The possibility of π-stack rectifier was theoretically predicted in 2012 prior to the experimental observation on the basis of the orbital thinking. 
Summary
We have presented our way of thinking about electron transport properties of molecules in terms of the orbital concept and explained the orbital rule in detail using the benzene molecular junctions with the para-, meta-and ortho-connections. The validity of the orbital rule for molecular conductance was already confirmed by a collaborative study on single-molecule measurements of naphthalene dithiols, 41 and in turn its power for the design of specific transport properties in molecular junctions is demonstrated in this study.
Qualitative predictions based on the orbital concept would help our intuitive understanding of the electron transport phenomena in single-molecular devices and leads to a reasonable design of transport properties. On the basis of this rule, we have discussed linear π-conjugated chains and π-stacked molecular junctions with respect to their small decay factors. In order to design conductance-decay free molecular junctions, moderately edge-localized frontier orbitals are required from the orbital thinking directly derived from Green's function theory. The design concept for conductance-decay free junctions is successfully confirmed in π-stacked 
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at the connecting atoms with electrodes, one might be wondering why orbital delocalization is required. This point is simply explained in the following hypothetical system where HOMO and LUMO are perfectly localized at the two edge atoms, and the phase relations on the two atoms for HOMO and LUMO are respectively (+ +) and (+ −), the constructive interference case. In such a system, the perfect localization at the edge two atoms in the frontier orbitals means that the HOMO and LUMO have an identical orbital energy. Once the two orbitals are energetically degenerated, we can execute a unitary transformation using the two frontier orbitals, and we get other representations for HOMO and LUMO in which the orbital amplitude is confirmed only at a single edge atom, (e.g., HOMO/LUMO is localized at the left-/right-edge atom). Thus Green's function that requires two orbital coefficients of the connecting two atoms will be zero. That is why orbital delocalization is required in order to have different orbital energies for HOMO and LUMO. 
